Isoflavones play important roles in rhizosphere plant-microbe interactions. Daidzein and genistein secreted by soybean roots induce the symbiotic interaction with rhizobia and may modulate rhizosphere interactions with microbes. Yet despite their important roles, little is known about the biosynthesis, secretion and fate of isoflavones in field-grown soybeans. Here, we analyzed isoflavone contents and the expression of isoflavone biosynthesis genes in field-grown soybeans. In roots, isoflavone contents and composition did not change with crop growth, but the expression of UGT4, an isoflavone-specific 7-O-glucosyltransferase, and of ICHG (isoflavone conjugates hydrolyzing beta-glucosidase) was decreased during the reproductive stages. Isoflavone contents were higher in rhizosphere soil than in bulk soil during both vegetative and reproductive stages, and were comparable in the rhizosphere soil between these two stages. We analyzed the degradation dynamics of daidzein and its glucosides to develop a model for predicting rhizosphere isoflavone contents from the amount of isoflavones secreted in hydroponic culture. Conjugates of daidzein were degraded much faster than daidzein, with degradation rate constants of 8.51 d À1 for malonyldaidzin and 11.6 d À1 for daidzin, vs. 9.15 Â 10 -2 d À1 for daidzein. The model suggested that secretion of isoflavones into the rhizosphere is higher during vegetative stages than during reproductive stages in field-grown soybean.
Introduction
Plants synthesize a diverse array of metabolites which are active in defense against biotic and abiotic stresses and in interactions with other organisms. Flavonoids, a group of >8,000 compounds (Andersen and Markham 2005) , are a well-characterized group of such metabolites, with functions in the regulation of auxin transport, modulation of reactive oxygen species and protection against UV exposure (Ferreyra et al. 2012 , Saito et al. 2013 . In addition to functions in plants, flavonoids secreted from plant roots play various roles in biological communications in the rhizosphere, the small region around the roots (Cesco et al. 2012 , Hassan and Mathesius 2012 .
Isoflavones are a class of flavonoids found predominantly in legumes (Mazur et al. 1998) . The isoflavone biosynthesis pathway derives from the central flavonoid biosynthesis pathway, which is conserved in plants (Ferreyra et al. 2012) . Chalcone synthase (CHS) converts 4-coumaroyl-CoA to naringenin chalcone or, together with chalcone reductase (CHR), to isoliquiritigenin ( Fig. 1) . Chalcone isomerase (CHI) isomerizes naringenin chalcone and isoliquiritigenin to naringenin and liquiritigenin, respectively. Isoflavone synthase (IFS), a P450 protein, catalyzes the first reaction in isoflavone biosynthesis to form 2-hydroxyisoflavanone (Akashi et al. 1999 , Jung et al. 2000 , which is dehydrated to produce daidzein and genistein either spontaneously or via 2-hydroxyisoflavanone dehydratase (HID) (Akashi et al. 2005) . Soybean [Glycine max (L.) Merr] synthesizes daidzein and genistein in the cytosol. These are further glucosylated to daidzin and genistin by UDP-glucose:isoflavone 7-O-glucosyltransferase (IF7GT) and malonylated to malonyldaidzin/genistin by malonyl-CoA:isoflavone 7-O-glucoside 6 00 -O-malonyltransferase (IF7MaT) (Noguchi et al. 2007 , Suzuki et al. 2007 , Funaki et al. 2015 , and the products are presumably accumulated in vacuoles (Fig. 1) . Daidzein and genistein are suggested to be secreted from roots into the rhizosphere both directly by membrane transport mediated by an ATP-binding cassette-type transporter and indirectly as isoflavone glucosides secreted into the apoplast (Suzuki et al. 2006 , Sugiyama et al. 2007 , which are suggested to be hydrolyzed to daidzein and genistein by ICHG (isoflavone conjugates hydrolyzing beta-glucosidase) localized in the apoplast (Suzuki et al. 2006) . Isoflavones in the rhizosphere soil were shown to induce the expression of rhizobial Nod genes, which initiate the formation of the nodules that fix nitrogen (Kosslak et al. 1987 ). In addition, isoflavones act as antimicrobial phytoalexins (Dixon and Steele 1999, Weston and Mathesius 2013) and modulate rhizosphere microbial communities (Li et al. 2013 , White et al. 2017 , which have been suggested to play important roles in plant growth and crop yield (Berendsen et al. 2012 , Quiza et al. 2015 , Tkacz and Poole 2015 , Rascovan et al. 2017 .
The major isoflavone in soybean tissue is malonyldaidzin, but the major secreted isoflavone is daidzein (Sugiyama et al. 2016) . The secretion of isoflavones was shown to be developmentally regulated in hydroponic culture, with higher secretion of daidzein during the vegetative stages than during the reproductive stages (Sugiyama et al. 2016) . Despite the importance of rhizosphere isoflavones in biological communication, little is known of the degree of the secretion from roots and the degradation by microbes in the rhizosphere of field-grown soybeans. To expand our understanding, we analyzed isoflavone biosynthesis and contents during soybean growth in the field, and created a model of isoflavone degradation in the rhizosphere of field-grown soybeans.
Results
Isoflavone contents of soybeans and rhizosphere soil during crop growth In leaves, malonyldaidzin was the most or second most predominant isoflavone at all stages, and its content did not change throughout crop growth ( Fig. 2A) . Malonylgenistin, daidzin and genistein were present in comparable amounts at R6 and R7, but daidzein and genistein were never present in leaves ( Fig. 2A) . In roots, malonyldaidzin was again the most predominant throughout crop growth (Fig. 2B) . The contents and composition of isoflavones were stable throughout crop growth, with about 5Â the quantity of malonyldaidzin (a daidzein derivative) than malonylgenistin (a genistein derivative) (Fig. 2B) . Both daidzein and genistein were accumulated in roots, except for genistein at R6 and R7 (Fig. 2B) .
Both daidzein and genistein were found in the rhizosphere soil; the daidzein content was higher than the genistein content (Fig. 3) , consistent with the ratios in the roots (Fig. 2B) . Contents of isoflavones in the rhizosphere soil were >100Â those in the bulk soil.
Analysis of gene expression in soybean roots
We analyzed the expression of genes involved in isoflavone biosynthesis and secretion in roots. The expression of CHI, CHR and IFS1 in roots was more or less stable throughout crop growth, and that of IFS2 increased slightly during the reproductive stages (Fig. 4) . Glucosylation of isoflavone in soybean was mediated by UGT1, UGT3, UGT4, UGT7 and UGT9 in a tissue-specific manner (Funaki et al. 2015) . The expression of UGT4 was high in the vegetative stages, and decreased by >90% during the reproductive stages relative to V1 (Fig. 4) . The expression of UGT9 was observed in both vegetative and reproductive stages, with a slight increase during growth (Fig. 4) . The expression of other UGT genes, i.e. UGT1, UGT3 and UGT7, was not detected in roots of field-grown soybean. The expression of ICHG was also higher during the vegetative stages (Fig. 4) .
Degradation of daidzein and its glucosides in the rhizosphere
The rhizosphere daidzein content was comparable between vegetative and reproductive stages (Fig. 3) . To analyze the half-life of daidzein and its glucosides in bulk and rhizosphere soils, we added authentic daidzein to samples collected during both the vegetative and reproductive stages. Daidzein added to soil was stable in the autoclaved soil even at 3 weeks, but it was degraded in both rhizosphere and bulk soils with comparable kinetics during incubation (Fig. 5) . No difference was observed between vegetative and reproductive stages. Bulk soil sample was then used for calculating the degradation dynamics for daidzein and its glucosides. Both malonyldaidzin and daidzin were degraded much faster than daidzein, with degradation rate constants of 8.51 d À1 for malonyldaidzin and 11.6 d À1 for daidzin ( Fig. 6A, B) . The degradation rate constant of daidzein was calculated to be 9.15 Â 10 -2 d
À1
( Fig. 6C ).
Modeling of daidzein content in the rhizosphere
The daidzein content in the rhizosphere, estimated by considering the secretion and decomposition of daidzein alone (Equation 5, k 1 = k 2 = 0) and of both daidzein and its glucosides (Equations 3-5), increased up to the V7 stage, and then decreased after R4 ( contribution of the secretion of malonyldaidzin and daidzin was considered, the rhizosphere daidzein content was maintained at a higher level throughout crop growth. The decrease of daidzein secretion and its decomposition after R4 were compensated by the secretion of malonyldaidzin and daidzin.
Discussion
Environmental fluctuations affect gene expression and plant metabolism in the field (Nagano et al. 2012 , Richards et al. 2012 , Izawa 2015 . Environmental factors such as temperature and drought influence gene expression in the isoflavone biosynthesis pathway and isoflavone contents in soybean seeds (Caldwell et al. 2005 , Gutierrez-Gonzalez et al. 2010 ). However, little is known about these details in roots during crop growth. In hydroponic culture, the contents and composition of isoflavones in both leaves and roots of soybean did not change during growth, although more daidzein was secreted during the vegetative stages than during the reproductive stages (Sugiyama et al. 2016 ). In the field, they were also stable during crop growth, despite environmental fluctuations and possible effects of soil organisms. The expression of isoflavone biosynthesis genes was also little changed during crop growth, except for the reduction of UGT4 and ICHG expression during the reproductive stages. UGT4 and UGT9 are highly expressed in roots and specifically glucosylated daidzein and genistein (Funaki et al. 2015) . There remains a possibility that the slight increase in the expression of UGT9 during reproductive growth may compensate for the reduction, but the reduction in the expression of UGT4 during reproductive growth suggests that soybean roots accumulate a higher amount of isoflavone glucosides in their vacuoles during vegetative growth than during reproductive growth. The expression of ICHG was also reduced during reproductive growth, consistent with the reduction seen in hydroponic culture (Sugiyama et al. 2016) . Isoflavones secreted from soybean roots act as signal molecules that initiate legume-rhizobium symbiosis (Kosslak et al. 1987) , and affect rhizosphere microbial communities (Li et al. 2013 , White et al. 2017 ). Yet, despite the importance of rhizosphere isoflavones, little is known about their secretion and fate in field-grown soybeans. Isoflavones are regarded as unstable in soils owing to the presence of various microbes, with the reported half-lives of 37.2 min for daidzein and 6.0 min for Fig. 4 Expression analysis of genes in soybean roots. Expression was normalized to ubiquitin:chalcone reductase (CHR), chalcone isomerase (CHI), isoflavone synthase (IFS), UDP-glucose glycosyltransferase (UGT) and isoflavone conjugates hydrolyzing beta-glucosidase, (ICHG). Each bar represents the mean ± SD of three replicates. Different letters indicate significant differences (P < 0.05) by one-way ANOVA with Tukey's HSD test. (V8) and reproductive (R6) stages were used in addition to the autoclaved bulk soil of the V8 stage. Asterisks indicate significant differences (P < 0.05) by one-way ANOVA with Tukey's HSD test.
genistein (Guo et al. 2011 ). In our soybean field, we detected comparable amounts of isoflavones, mostly daidzein, in the rhizosphere between vegetative and reproductive stages. The concentration of daidzein in the rhizosphere was high enough, i.e. >1 mM, to induce the nod gene of Bradyrhizobium japonicum (Kosslak et al. 1987) , based on the assumption that soil water contents of approximately 10% and at least several percent of daidzein was available to rhizobia. This similarity suggests that either (i) similar amounts of daidzein and its glucosides were secreted during both stages, unlike in hydroponic culture (Sugiyama et al. 2016) ; or (ii) the degradation of daidzein is relatively slow in this field, enabling the accumulation of isoflavones in the rhizosphere. Daidzein was degraded much more slowly than previously reported in both bulk and rhizosphere soils, with a degradation rate constant of 9.15 Â 10 -2 d À1 , which corresponds to a half-life of 7.5 d in our soybean field. In contrast, both malonyldaidzin and daidzin were degraded much faster, with degradation rate constants of 8.51 and 11.6 d
À1
, respectively, which correspond to half-lives of <2 h. On the basis of the degradation kinetics of these isoflavones and the amounts secreted in hydroponic culture at each growth stage (Sugiyama et al. 2016) , we estimated that the rhizosphere daidzein concentration would be maintained during the reproductive stages as well. Degradation rate constants were measured under wet soil conditions, where the degradation of isoflavones is presumed to be faster than in dry conditions. In addition to the degradation rate constants in dry conditions, soil water contents should be continuously measured during the growth to refine the model. Our rhizosphere isoflavone degradation model, together with the reduction of ICHG expression in both field and hydroponic culture, suggests that the secretion of isoflavones into the rhizosphere is higher during the vegetative stages than during the reproductive stages. Fast degradation of isoflavone glucosides suggests that ICHG in the apoplast is not essential for the rhizosphere accumulation of isoflavone aglycones to induce the nod genes of rhizobia. In addition to the role in the initiation of nodulation, endogenous isoflavone aglycones, such as daidzein and genistein, were shown to be essential for the establishment of nodules (Subramanian et al. 2006) , suggesting that ICHG in the apoplast has additional roles during the infection of rhizobia and nodule organogenesis. Further characterization of the fate, distribution and effect of isoflavones at the molecular level could improve our understanding of rhizosphere biological communications and their use in soybean breeding.
Materials and Methods

Study site, soybean cultivation and sampling
Field experiments were conducted at Kyoto Gakuen University, Kameoka, Kyoto, Japan (34 99 0 38 00 N, 135 55 0 14 00 E). The field had been maintained organically for >9 years, and soybean was grown there the previous year. Soybean seeds ('Shintambaguro') were sown on June 12, 2014. Plants were irrigated as needed, and emerging weeds were removed by hand weekly. Fig. 7 Estimated daidzein contents in rhizosphere soil. Light blue, estimated by considering daidzein secretion and degradation; pink, estimated by considering daidzein + daidzin + malonyldaidzin secretion and degradation. VE, emergence; and other soybean growth stages were as described in the literature (Fehr et al. 1977) . were collected before sowing as described previously . Tissue samples were collected on June 26 (V1), July 17 (V8), August 7 (V11), August 27 (R2), September 24 (R6) and October 30 (R7) (Fehr et al. 1977) . Nodules were removed from roots, and the roots were washed in tap water. The roots and three fully expanded leaves were immediately frozen in dry ice and transferred to the laboratory for storage at À80 C. Soybeans were grown in the same field in 2015 so we could collect bulk and rhizosphere soils for isoflavone extraction. Bulk soil (soil not adherent to roots) was obtained at least 20 cm from the plants as described previously . Soil from five different spots was combined into one composite sample. One composite rhizosphere soil sample (soil adherent to the roots after gentle shaking) of at least 25 g was obtained from the roots of 30 plants with the use of sterile brushes. Three composite samples each for bulk and rhizosphere were obtained per sampling. All samples were transferred to the laboratory in a cool container (0-10 C) within 2 h. The samples were homogenized, passed through a 1 mm sieve and kept at À30 C until isoflavone extraction.
Chemicals
Malonyldaidzin and malonylgenistin were purchased from Nagara Science. HPLC-grade acetonitrile was purchased from Junsei Chemical Co. or SigmaAldrich. Other chemicals were obtained from Wako Pure Chemical Industries or Nacalai Tesque.
Isoflavone extraction and HPLC analysis
Extraction of isoflavones and reverse-phase HPLC analysis were performed as described (Sugiyama et al. 2016) . Frozen tissues were pulverized in liquid nitrogen using a mortar and pestle and freeze-dried. Tissues were extracted in 80% methanol at 50 C for 1 h, followed by centrifugation at 10,000 Â g for 5 min to remove debris. The supernatant was filtered through a Minisart 0.45 mm filter (Sartorius). Soil samples (25 g) were extracted in 3 Â 100 ml of MeOH at 50 C (1 h each) and centrifuged at 5,000 Â g for 10 min. The combined supernatant was dried under a nitrogen stream at 50 C and redissolved in 1 ml of 95% MeOH and 1% formic acid. Isoflavones were analyzed by HPLC (LC-10 A, Shimadzu) using a TSK-gel ODS-80TM column (4.6 mm Â 250 mm; Toso) and detection at 262 nm. The isoflavones were eluted at 0.8 ml min 
RNA extraction and real-time quantitative reverse transcription-PCR (RT-qPCR)
Total RNA was prepared from leaves and roots with an RNeasy Plant Mini Kit (Qiagen) according to the manufacturer's instructions. DNA was eliminated by treatment with DNase I. The RNA was reverse transcribed to cDNA using ReverTra Ace qPCR RT Master Mix (Toyobo) according to the manufacturer's instructions. Real-time RT-qPCR was performed with the CFX96 Touch Deep Well system (Bio Rad), using Thunderbird SYBR qPCR Mix (Toyobo) according to the manufacturers' instructions. Each PCR mixture consisted of 10 ng of cDNA template, 5 pmol of each primer, 1 ml of fluorescent probe and 12.5 ml of Thunderbird SYBR qPCR Mix in a total volume of 25 ml. The amplification protocol consisted of an initial denaturation at 95 C for 2 min, followed by 40 cycles of denaturation at 95 C for 15 s, annealing at 55 C for 30 s and extension at 72 C for 30 s. Primer designs were based on previous publications (GutierrezGonzalez et al. 2010 , Pregelj et al. 2011 , Yoo et al. 2013 , Funaki et al. 2015 , and the primer sets used are shown in Supplementary Table S1 .
Determination of isoflavone contents in bulk and rhizosphere soils and their kinetic analysis
We placed 1 g of soil in a 5 ml vial, added 100 mg of isoflavone in 500 ml of solution, and vortexed the mixture thoroughly. The vials were kept in the dark at 28 C. Vials were taken out at 0, 2, 7 and 21 d, and 4 ml of MeOH was added to each. After incubation at 50 C for 1 h, the vials were centrifuged at 5,000 Â g for 10 min. The supernatant was transferred to a new tube, and another 4 ml of MeOH was added. These steps were performed a total of three times. The combined MeOH extracts were dried under a nitrogen stream and redissolved in 150 ml of 95% MeOH and 1% formic acid. The supernatant was filtered through a Minisart 0.45 mm filter and analyzed by HPLC as above. Bulk and rhizosphere soils sampled from the field were dried at 50 C, and extracted with MeOH as described above.
Modeling of dynamics of isoflavone contents in rhizosphere soil
The following first-order reaction was assumed for the degradation of each of malonyldaidzin, daidzin and daidzein:
where t is time (d), C i is isoflavone content (pmol per plant) and k i is the degradation rate constant (d
À1
). Subscript i represents the type of isoflavone (1, malonyldaidzin; 2, daidzin; 3, daidzein). If we assume that C i = C i0 at t = 0, Equation 1 can be rewritten as:
The value of k i for each isoflavone was obtained by fitting Equation 2 to the measured relative isoflavone content as a function of time.
Since malonyldaidzin and daidzin both decompose to daidzein, the time changes in each isoflavone per plant can be expressed as:
dC 3 dt ¼ P 3 À k 3 C 3 +k 1 C 1 +k 2 C 2 for daidzein ð5Þ
where P i represents the rate of secretion of each isoflavone (pmol per plant d
), and k 1 C 1 and k 2 C 2 represent rates of daidzein secretion due to decomposition of malonyldaidzin and daidzin, respectively. These equations were solved in COMSOL Multiphysics 3.5 a software (Keisoku Engineering System Co., Ltd.), with C i = 0 at t = 0 as the initial condition and P i at different stages as previously reported (Sugiyama et al. 2016 ), assuming that these P i values do not differ irrespective of whether the plants were field grown or hydroponically grown.
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